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 Abstract 
Edible kernels are popular food items since ancient times. Although in-shell nuts are 
naturally protected and relatively shelf stable, convenience demands require their 
commercialization in shelled form. However, whereas shelled kernels are more 
convenient, they are more exposed to oxygen, and thus more susceptible to 
oxidative rancidity and loss of crunchiness, which negatively affect the product 
acceptability. In this review, we discuss the role of edible coatings in extending 
stability of edible kernels, which is an opportunity to be better explored by the 
industry. The discussion also includes the role of antioxidants in the context of active 
coatings. Finally, future prospects and research challenges are addressed. 
Keywords: polysaccharides; lipid oxidation; active packaging; sensory analysis; 
edible packaging. 
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 Introduction 
Edible kernels are appreciated worldwide, consumed as snacks or ingredients in 
several products. Their global market is estimated to reach 68 million tons by 2024 
(Global Industry Analysts, 
https://www.strategyr.com/MarketResearch/ViewInfoGraphNew.asp?code=MCP-
6241), which is partly motivated by their health benefits.1,2 
Botanically, nuts (Figure 1A) are dry fruit with a hard pericarp (shell) and a seed 
(kernel) whose ovary wall hardens with maturity.3 Although not real nuts, peanuts are 
usually acknowledged as nuts, and will be also covered in this review. 
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Figure 1. (A) Parts of a nut; (B) Basic microstructure of a nut. Adapted from Perren 
& Escher,4 with permission from Elsevier.  
 Nutshells are nature’s way of packaging nuts. However, nuts are usually shelled for 
commercialization, for convenience reasons, which make kernels more exposed to 
environmental factors, increasing their spoilage susceptibility. The most used 
techniques to improve kernel stability are based on controlling their access to O2 by 
modified atmosphere packaging or vacuum.5 Nevertheless, those techniques only 
exclude O2 at the time of packaging and are inefficient in controlling access to O2 
once the packaging is opened. Cold storage may be also effective to enhance kernel 
stability,5,6 but there are energy costs involved in maintaining a cold chain. 
Alternatively, the application of edible coatings to kernels has been suggested to 
enhance their storage stability, without the above-mentioned disadvantages of other 
techniques.  
Although glazing and candying are coating processes, their primary objective is to 
confer new flavors and textures. Therefore, those processes are out of the scope of 
this review, which is focused on coatings for extending kernel stability.  
Stability issues in kernels 
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 Lipid oxidation 
Nut stability is mainly limited by lipid oxidation, whose rates depend on several 
factors including oxygen and UV light exposure. In nuts, lipids are stored in 
oleosomes (Fig. 1B) composed of a lipid matrix core surrounded by a monolayer of 
phospholipids embedded with proteins, which stabilize them against coalescence.7  
Differences in chemical composition determine differences in nut stability. While 
unsaturated fatty acids make nuts nutritionally valuable, they also increase their 
susceptibility to oxidation. When comparing lipid composition of eleven nuts (Figure 
2), walnuts present the highest polyunsaturated fatty acid (PUFA) content, making 
them especially oxidizable. Macadamias exhibit the highest lipid contents, but their 
PUFA contents are quite low. Chestnuts are the least prone to oxidation, due to their 
low lipid contents.  
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 Figure 2. Lipid contents of the main nuts (USDA, 2019, for Standard References, 
https://ndb.nal.usda.gov/ndb/search/list). SFA, MUFAs, and PUFAs: saturated, 
monounsaturated, and polyunsaturated fatty acids respectively.  
The oxidative stability of nuts is also affected by a number of variables, such as 
shape (related to specific surface area) and pore density. Kernel skins are also 
important, since they act as physical barriers, besides imparting active roles, as they 
are usually rich in antioxidants.8,9 Moreover, postharvest operations such as 
dehusking, drying and cracking may affect nut stability,6 drying being particularly 
important. Whereas the drying process itself may increase lipid oxidation rates 
because of the high temperatures and increased O2 exposure, the decreased water 
activity (aw) reduces enzyme hydrolytic and oxidative activities, delaying lipid 
oxidation.10 
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 The main consequence of lipid oxidation is the so-called oxidative rancidity, a 
sensory deterioration arising from a number of products (alcohols, aldehydes, 
ketones, etc.), which may deeply affect the acceptability of kernels.  
The oxidation-related off-flavors developed in edible nuts upon storage may be 
described as oxidized and cardboard11,12,13, while the desirable sweetness and nut-
related flavors are usually described as decreasing with storage time.11 
Water-related changes  
Chestnuts are unusual nuts, having high water and low lipid contents, which makes 
them more susceptible to water-related deterioration than to oxidation.14 However, 
even the other nuts may be susceptible to water-related changes whenever they 
absorb water to an inadequately high aw. 
The most common water-related changes in kernels are in texture, translated into 
loss of crunchiness, which is one of the most appreciated texture properties, and the 
acceptability of kernels is closely related to it.11 High aw values may also promote 
enzymatic hydrolysis of triacylglycerols by lipases, releasing free fatty acids (FFA), 
which produce off-flavors (hydrolytic rancidity).3 Finally, microbial deterioration is not 
usually an issue for kernels, since their aw is (except for chestnuts) low enough to 
inhibit microbial growth. However, if the kernels are exposed to high relative humidity 
(RH) and/or high temperature, fungi may grow and even produce mycotoxins (such 
as aflatoxins produced by Aspergillus flavus).15 
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 Roasting and nut stability 
Although some kernels are consumed raw, others are usually roasted (e.g. almonds 
and macadamias). The main purpose of roasting is to enhance sensory properties, 
creating roast flavor notes, developing brownish colors, and changing  texture (from 
rubbery into crunchy),4,16 but roasting may also have different effects on nut stability. 
Roasting reduces aw and related changes. The dehydration effect may also result in 
concentration of phenolics,17,18 which was supposedly the reason for the enhanced 
stability of roasted macadamias.13 On the other hand, the heat applied on roasting 
increases oxidation rates. Moreover, roasting results in microstructure changes, such 
as bursted/coalesced oleosomes, ruptured endoplasmic network, detached cells and 
increased porosity, facilitating oxygen access.4,19 
Requirements of coatings for kernels 
When applied on shelled kernels, coatings should reinforce the protective action of 
skins in reducing kernel porosity20 and exposure to oxygen and water vapor. The 
permeation rates through a coating are directly proportional to the material 
permeability (which depends on solubility and diffusivity of the permeant) and 
inversely proportional to the coating thickness (which varies with concentration and 
viscosity of the coating-forming formulation). So, there are several variables related 
to the coating structure (e.g. thickness, compactness, tortuosity, chemical affinity to 
the permeant) that affect its protective performance.  
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 The relative hydrophilicity inherent to most polysaccharides and proteins makes 
them good barriers to oxygen, which is particularly interesting for coating oxidizable 
products such as kernels. On the other hand, this same hydrophilicity has some 
drawbacks. First, the high water permeability favors the occurrence of water-related 
changes. Second, water absorption by the coating may increase its plasticization, 
which increases diffusivity, reducing its barrier properties. Finally, the adhesion of 
hydrophilic coatings onto hydrophobic nut surfaces may be poor, which may result in 
coating dewetting, cracking upon drying, and flaking after drying.21 
The two first drawbacks may be overcome by crosslinking agents, which improve the 
barrier properties of coatings by forming a three-dimensional network that reduces 
diffusivity. The barrier properties may also be enhanced by nanoreinforcements such 
as montmorillonite clay.22 Finally, adhesion problems may be overcome by adding 
surfactants or by applying high-power ultrasound to the nut surface to remove some 
lipids.23  
Kernels may also benefit from UV-filtering edible coatings. Proteins are interesting 
matrices in this context, because of UV-absorption properties of aromatic amino 
acids,24 while active UV-absorbing or UV-scattering components include lignin25 and 
titanium dioxide.26 
Another aspect to be considered is the adequacy of coatings to specific kernels. 
Among three sources of starch, rice was the most suitable for walnuts, since its 
smaller granules and higher flexibility allowed it to cover walnut surface more 
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 homogeneously than the tougher coatings from larger wheat and corn starch 
granules.27  
Active coatings 
Apart from the passive protection by coatings, related to their barrier and tensile 
properties, the incorporation of active compounds are interesting for extending food 
stability, particularly antioxidants for kernels. Phenolic compounds have been 
especially explored as antioxidants, because of their abundance and widely reported 
health benefits. Phenolics may act as primary antioxidants as well as UV 
absorbers.28,29 
Several coatings have been proven effective to extend nut stability because of their 
inherent physical barrier (i.e. passive) properties.11,30,31 Although the presence of 
antioxidants is expected to add an active role to coatings, some studies revealed that 
their presence did not enhance coating performance. For instance, peanut oxidation 
was reduced by whey protein isolate coatings, but ascorbic palmitate and α-
tocopherol did not improve coating effectiveness.32 Similarly, carboxymethyl 
cellulose (CMC)/Candelilla wax-based coatings retarded walnut oxidation, but 
ascorbic acid addition did not provide further protection.30 CMC coatings reduced the 
intensity of oxidized off-flavor in almonds along storage, but the addition of peanut 
skin extract or butylhydroxytoluene (BHT) presented no additional effect on flavor 
stability.12 A high-protein defatted peanut flour coating reduced the progress of 
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 oxidation in roasted peanuts, without a further improvement by the incorporation of 
BHT.13 
On the other hand, the effects of active compounds in improving effectiveness of 
coatings were clear in other studies. The presence of Satureja intermedia extract 
boosted both antioxidant and antifungal activities of apricot gum coatings applied on 
almonds, in a dose-dependent fashion.33 Likewise, the presence of catechin in soy 
protein isolate/CMC coatings improved their performance on walnuts,34 as did green 
tea extract in chitosan coatings on walnuts,35 α-tocopherol in zein coatings on 
roasted hazelnuts,36 and thyme essential oil in chitosan coatings on walnuts.37 
In some cases when antioxidants have improved the coating effectiveness, it is 
unclear whether their benefit is due to the antioxidant activity or to another effect. 
Hydroxypropyl methylcellulose (HPMC) coatings performed better to prevent almond 
oxidation when added with ascorbic or citric acid, but the benefit from the acids may 
be ascribed either to their antioxidant activity and/or to crosslinking effects, since 
both ascorbic and citric acids also enhanced the barrier properties of HPMC films.38 
Likewise, the improved antioxidative performance of coatings added with Boldo 
extract may have not been ascribed to Boldo’s active properties, but to the reduced 
surface tension of the coating dispersions, allowing an improved adhesion and 
reduced oxygen permeability.39 
In summary, researchers ought to be meticulous when designing studies on the 
antioxidant and antimicrobial activity of multicomponent edible coatings in order to 
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 identify those playing the major protective roles and even investigate them in a 
quantitative approach aiming at an optimized response. 
Table 1 presents a variety of coatings (with or without active compounds) applied on 
edible kernels in the last few years, and some of their major outcomes.
This article is protected by copyright. All rights reserved.
 Table 1. Edible coating systems applied to kernels for preservative purposes (reported between 2017 and 2019). 
Matrix Functional additives Kernels Outcomes from coatings Ref. 
Apricot gum S. intermedia extract Almonds Dose-dependent antifungal and antioxidant activities. 
33 
CMC L-ascorbic acid Dried walnuts Decreased TBARS, delayed hydrolytic rancidity. 30 
Cellulose 
derivatives, 
whey protein 
- Walnuts Decreased development of off-flavors, PV, CD; decreased flavor acceptance. 
11,31 
Chitosan 
Acetic acid, 
Laurus nobilis 
extract 
Cashew nuts Delayed oxidation (PV, TBARS); reduced microbial growth; no sensory effect. 
40 
Gelatin/chitosa
n, 
gelatin/caseina
te 
Boldo extract Brazil and cashew nuts 
Reduced oxidation (PV). Boldo extract decreased O2 permeability 
and improved antioxidant protection. 
39 
Mango kernel 
starch - Roasted almonds Reduced TBARS, PV, p-anisidine; retarded rancidity. 
41 
Rice starch Chitosan, red palm oil Dried walnuts Regardless of actives, coatings extended shelf life (color, texture) 
27 
Sodium 
alginate 
Pomegranate 
peel extract 
(PPE) 
Walnuts PPE-dose-dependent decrease in fungal growth, AV, PV, CD, p-anisidine. 
42 
Zein Hazelnut skin Roasted hazelnuts Reduced PV, FFA, extinction coefficients (K232 and K270). 36 
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 extract, α-
tocopherol 
PV: peroxide values; CD: conjugated dienes; AV: acidity values; FFA: free fatty acids; TBARS: thiobarbituric acid reactive 
substances.
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 Nutshells as sources of coating components 
Since nutshells are usually removed from nuts for convenience, the use of their 
compounds as components of edible coatings to protect the kernels sounds like an 
interesting approach, in a biorefinery context. It would be like returning some of the 
protective function of the shells back to the kernels, without the inconvenience of a hard 
inedible shell. Pecan nutshells are sources of lignin and cellulose.43 While cellulose and 
derivatives may be used as coating matrices, lignin has good properties as a 
reinforcement44 and UV absorber,45 although it may darken coatings.45 
Antioxidant phenolic compounds may be also extracted from nutshells, since high 
phenolic contents have been reported to be found in pecan nutshells,46 hazelnut 
shells,47 pistachio hulls,48 and cashew nut shell liquid.49 Actually, pecan nutshell extracts 
have been reported to present an antioxidant capacity similar to that of BHT to extend 
margarine stability.50  
Sensory outcomes of edible coatings on kernels 
While several studies have reported positive effects of edible coatings on reducing  
sensory changes related to deterioration (mainly from lipid oxidation), the influence of 
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 the coatings themselves on the acceptance of kernels (i.e. without the influence of 
storage) should also be assessed, which a few studies have done.  
The overall acceptance of walnuts and pine nuts has been improved by coating based 
on pea starch and/or whey protein isolate. The presence of carnauba wax in those 
coatings provided the samples with a yellowish color that impaired the color scores but 
not the overall acceptability.51  
Dark colors may be associated with deterioration, since kernels usually become darker 
with storage,11,52 which is ascribed to enzymatic oxidation of phenolic compounds.53 
Indeed, darkening of edible kernels have been followed by decreased color 
acceptance.41,54 However, in a recent study,52 walnuts coated with walnut protein, 
although darker than an uncoated control, were not less accepted than the control, 
whereas walnuts coated with methylcellulose (MC), perceived as lighter in color, had 
their acceptance impaired. 
Grosso et al.11 observed that walnuts with coatings based on cellulose derivatives (MC 
and CMC) were less accepted than the uncoated ones, whereas a whey protein coating 
did not affect the product acceptance. The possible reasons for the impaired 
acceptance of MC- and CMC-coated walnuts were not presented or discussed, but 
those coatings may have negatively influenced the perceived external appearance or 
even texture of the walnuts.  
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 Gelatin-coated pistachios presented higher instrumental hardness when compared to 
uncoated pistachios, which was ascribed to the decreased water vapor absorption by 
the coated kernels. Accordingly, the coated samples also received higher sensory 
texture scores, corroborating the importance of crunchiness for the perceived quality of 
kernels.55 
Future prospects and concluding remarks 
Stability studies are imperative for the food industry, since a reduced stability may result 
in decreased direct financial returns, besides impaired customer satisfaction and 
reduced repeat purchase rates. Many studies have revealed positive outcomes of edible 
coatings on stability of edible kernels, mainly by reducing sensory changes resulting 
from oxidation or water absorption. 
However, most studies on edible coatings rely on a trial-and-error strategy for the 
choice of coating materials, i.e. authors test a particular matrix (sometimes combined 
with an active compound) and investigate its effect on food stability. Further studies are 
required to determine surface energies of coatings from different biopolymers (such as  
in a recent study with some electrolyte complexes)56 and to compare them to those of 
nut surfaces to estimate the works of adhesion and determine the suitability of different 
matrices for each specific nut. Moreover, studies modeling the oxidative stability of 
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 specific kernels as a function of the degree of polarity of coating materials are also 
required, in order to maximize coating performance and the resulting sensory quality of 
kernels. Some practical difficulties are also worth of mentioning. Coating involves 
additional steps, thus additional costs (with materials and processes, including energy 
costs for drying), besides requiring more process time (for coating application, draining, 
and drying). Moreover, most coating techniques usually lead to lack of uniformity in 
thickness and covering of kernels, which may reduce the coating positive effects and 
even impair acceptability because of visual non-homogeneity of color and/or brightness 
of the kernel surface. Novel application and/or drying techniques are required to shorten 
the required time for coating and enhance its uniformity. 
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